The rotational spectrum of the triatomic free radical SiOH in its X 2 AЈ ground electronic state has been observed in a supersonic molecular beam by Fourier transform microwave spectroscopy. The fundamental ͑1 0,1 → 0 0,0 ͒ transition has been detected for normal SiOH and for three rare isotopic species:
I. INTRODUCTION
The HSiO-SiOH isomeric system is of both theoretical and chemical interest as the third-row analog of HCO-HOC, and because these silicon radicals are believed to be intermediates in oxidation processes involving silane SiH 4 ͑Ref. 1͒ and silicon deposition using silane discharges. 2 The silicon hydroxide ͑SiOH͒ isomer is of particular interest because it represents the simplest example of a hydroxyl group bonded to a silicon surface. 3 Because about 10% of the molecules detected in space contain silicon, 4 including SiO ͑Ref. 5͒ which is readily observed toward both oxygen-rich and carbon-rich stars, 6 HSiO and SiOH are plausible candidates for astronomical detection.
In contrast to isovalent HCO-HOC, HCS-HSC, and HSiS-HSSi, HSiO-SiOH is the only pair in which H bonded to the more electronegative atom ͑i.e., SiOH͒ yields the more stable isomer. As shown in Fig. 1 , theoretical calculations predict that HCO ͑Ref. 7͒ and HCS ͑Ref. 8͒ are more stable than their isomers ͑HOC and HSC͒ by more than 40 kcal/ mol. For HSiS-HSSi, the energy gap is much smaller, about 5 kcal/mol, but HSiS is still the more stable of the two. 9 For HSiO-SiOH, ab initio calculations, ranging from selfconsistent field to coupled cluster methods, [10] [11] [12] [13] [14] indicate that SiOH is the global minimum on the potential energy surface; HSiO is predicted to be less stable than SiOH by about 6-12 kcal/mol, the larger values at the higher levels of theory. The energy barrier for the isomerization reaction SiOH→ HSiO has also been determined by several groups, 10, 13 and is consistently high, on the order of 25-35 kcal/mol. The vibrationrotation spectrum 15 and hyperfine coupling constants 16, 17 of
SiOH have also been calculated theoretically. Despite its favorable energetics and stability, there is little spectroscopic data on SiOH. The first experimental study of the isomeric pair HSiO-SiOH was reported by Van Zee et al. 18 in 1985; from electron spin resonance studies in solid Ar and Ne at 4 K, they found evidence for only one isomer, the silaformyl radical HSiO. The existence of both radicals in the gas phase was subsequently established several years later by neutralization-reionization mass spectroscopy. 14 In 1997, the rotational spectrum of HSiO was measured in the millimeter-wave region by long path absorption spectroscopy, 19 yielding precise spectroscopic constants.
The apparent absence of SiOH is puzzling because HSiO is less stable than SiOH and because ground state rotational spectra of the three isovalent analogs, HCO, 20 HCS, 21 and
HSiS, 22 have all been measured; even highly energetic isomers such as HSC have been well characterized 23 by rotational spectroscopy. Lines of these radicals are sufficiently strong that several of their rare isotopic species ͑those with 13 C, 34 S, etc.͒ have been detected in natural abundance, and molecular structures have been derived for each by isotopic substitution. One possible explanation for the previous failure to find SiOH in the radio band may be its small dipole moment compared to that of HSiO ͑calculated to be 1.46 versus 3.78 D at the singles and doubles configuration interaction ͑CISD͒ level of theory; Ref. 10͒. Because rotational line intensities scale as the square of the dipole moment, transitions of HSiO may be up to ten times more intense than those of SiOH if both radicals are produced at the same level of abundance.
We describe here laboratory detection of SiOH by Fourier transform microwave ͑FTM͒ spectroscopy in combination with a supersonic molecular beam. The fundamental rotational transition of normal SiOH in its ground vibrational state has been observed, as well as rotational satellites from the v 2 and v 3 vibrational modes, calculated 15 to lie 869 and 743 cm −1 , respectively, above ground. In addition, the same transition of three singly substituted isotopic species of SiOH has been observed in natural abundance or with precursor gases enriched in either deuterium or 18 O. Effective spectroscopic constants have been derived for each vibrational state or isotopic species. The structures, dipole moments, and energies of the lowest two electronic state ͑X 2 AЈ and 1 2 AЉ͒ have also been calculated using coupled cluster methods. The ground state hyperfine constants are close to those predicted, 16, 17 confirming that SiOH is best described as a -type radical. An experimental structure ͑r 0 ͒ has been determined by constraining the bond angle.
II. EXPERIMENTAL
Our FTM spectrometer operates from 5 to 43 GHz 24, 25 and employs liquid nitrogen cooling of the cavity mirrors and first stage of amplification to improve its sensitivity. Reactive molecules are produced in the throat of a small supersonic nozzle by a low-current dc discharge through various precursor gases heavily diluted in a noble buffer gas. Free expansion from the nozzle into the large vacuum chamber of the spectrometer then forms a Mach 2 supersonic beam with a rotational temperature of only 1-3 K. Following excitation of a rotational transition by a short microwave pulse, radiation from the coherently rotating molecules is detected with a sensitive heterodyne receiver.
A search for the fundamental rotational transition of SiOH was undertaken on the basis of the published ab initio structure of Koput 15 using a gas mixture of silane SiH 4 ͑0.2%͒ and water ͑0.02%͒ diluted in a neon. This gas mixture produces strong lines of diatomic SiO ͑Ref. 26͒ and the energetic isomer HSiO, 22 whose 1 0,1 → 0 0,0 transition lies near 39 GHz. A search of 1 GHz or Ϯ3% about the predicted frequency ͑33 GHz͒ was covered to be fairly certain to catch the fundamental rotational line of SiOH. As Fig. 2 shows, only a few strong lines were observed; assays performed on these candidate lines quickly established that nearly all contained hydrogen, silicon, and oxygen. All of the unidentified lines with the required elemental composition were also observed as discharge products and shown to exhibit a clear Zeeman effect when a permanent magnet was brought near the molecular beam-as expected for an open-shell molecule such as SiOH. The strongest lines are near 33.3 GHz, but weaker lines, roughly by a factor of 20, were subsequently found in a follow-up search at lower frequencies, near 32.5 GHz. On the basis of the ab initio structure, 15 we were able to assign the higher frequency lines to normal SiOH and the lower frequency ones to its rare isotopic species 30 SiOH, which is observed in our discharge despite the low fractional abundance of this isotope ͑3.1%͒. The close agreement ͑to better than 1%͒ between the observed frequency shift for this isotopic species and that predicted from the theoretical structure is compelling evidence that the assigned lines are produced by SiOH and no other molecule.
To confirm our identification, the fundamental rotational transitions of two other rare isotopic species, Si 18 OH and SiOD, were then observed at exactly the expected frequency shifts. In addition, a number of weak magnetic lines in our initial survey were assigned to the v 2 ͑Si-O stretch͒ and v 3 ͑SiOH bending͒ modes of SiOH with calculated vibrationalrotational corrections. 15 The best source conditions for SiOH are similar to those recently used to produce H 2 SiS ͑Ref. 27͒ with the same discharge source: A 900 V dc discharge and a gas pulse of 200 s duration ͑yielding to a gas flow of 25 cm 3 / min at standard temperature and pressure͒; the stagnation pressure behind the nozzle was 2.5 kTorr ͑3.2 atm͒ and the repetition rate of the nozzle was 6 Hz. To detect the deuterated isotopic species SiOD, a gas mixture of SiD 4 
FIG. 2.
A portion of the rotational spectrum of SiOH ͑top͒ near 33 GHz, observed in a discharge of dilute silane and water in Ne, and ͑bottom͒ a theoretical spectrum calculated from the best-fit constants in Table IV . The observed spectrum is a concatenation of 750 individual 0.4 MHz scans that took 12 h to acquire. ͑Insert͒ The strong JЈ =3/ 2 → 1 / 2, FЈ =2→ 1 line of SiOH, the result of 1 min of integration. As indicated in the insert, each rotational transition has a double-peaked line shape, the result of the Doppler shift of the Mach 2 molecular beam relative to the two traveling waves that compose the confocal mode of the Fabry-Perot. Lines denoted with a "U" are unidentified lines, unrelated to the present study.
III. RESULTS
The lowest rotational transition of SiO at 43.4 GHz is near the present frequency ceiling of our spectrometer, but adding a hydrogen atom to this diatomic molecule lowers the frequency of this transition to about 39 GHz for HSiO, but considerably more for SiOH, to about 33 GHz. For the normal isotopic species 28 Si 16 OH, 30 SiOH, and Si 18 OH, this transition ͑see Fig. 2͒ consists of two sets of triplets widely separated in frequency ͑by roughly 110 MHz͒, owing to the open-shell character of the X 2 AЈ electronic ground state.
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The separation between the triplets is determined by the electron spin-rotation ͑N · S͒ term; the triplet structure from magnetic hyperfine interaction between the hydrogen nuclear spin and the electron spin ͑I H · S͒. For SiOD, the hyperfine components are grouped into tight quartets rather than triplets because the deuterium hyperfine constants scale approximately as 2 D / H = 0.154, where D and H are the nuclear magnetic moments for the deuteron and proton, respectively 28 ͒. Spectroscopic constants were determined by fitting a theoretical spectrum calculated from a standard effective linear molecule Hamiltonian to the SiOH line frequencies in Tables I-III . This approach yields constants which are linear combinations ͓e.g., ͑B + C͒ / 2, ͑⑀ bb + ⑀ cc ͒ / 2, etc.͔ of individual constants ͑e.g., B, C, ⑀ bb , T aa , etc.͒ because the latter constants cannot be determined from the present data set. Owing to the relative magnitude of the spin doubling and magnetic hyperfine interactions, the coupling scheme J = N + S, F = J + I͑H͒ was adopted.
For each isotopic species or vibrationally excited state of SiOH, four spectroscopic constants, B eff , the spin-rotation term ␥, and two hyperfine constants ͑b F and c͒, were required to reproduce the observed lines to the measurement uncertainty ͑2 kHz͒ or better. The spectroscopic constants obtained from the fits are given in Tables IV and V . For normal SiOH, B eff is within 0.3% of the theoretical value, and the hyperfine constants are in good agreement with those calculated at the B3LYP/ 6-311G ‫ء‬ level of theory by two groups. 16, 17 As expected, the hydrogen hyperfine constants are largely insensitive to isotopic substitution. Vibrational excitation has a larger effect on the hyperfine structure, resulting in a roughly 20% decrease in the Fermi-contact term b F for both v 2 and v 3 ; bending the molecule has little effect on the dipolar term c, but stretching the Si-O bond reduces this constant by nearly a factor of 2. The hyperfine constants of SiOD are close to those predicted from SiOH ͑b F = 7.24 MHz and c = 1.62 MHz͒ after taking into account the difference between the H and D nuclear spins and magnetic moments.
Like the hyperfine coupling constants, spin rotation is insensitive to with isotopic substitution ͑slowing decreasing with B, as expected͒ and when the v 2 Si-O stretching vibrational mode is excited. Bending the molecule, however, increases the magnitude of this term by nearly a factor of 2 ͑197.9 versus 111.8 MHz͒. For HCO, a sizeable change in the spin-rotation term also occurs between the ground state and the first excited bending state ͑21% increase in ⑀ aa ; Ref. 29͒. As with HCO, the large increase is most likely from Table IV .
Isotopic species

Transition
Frequency ͑MHz͒
Calculated frequencies derived from the best-fit constants in Table IV . a Renner-Teller interaction between the ground state and an excited electronic state. The energy difference between these two states is calculated in Sec. IV to be ϳ2400 cm −1 .
IV. THEORY
Although the theoretical calculations reported by Koput 15 are of very high quality, several issues were not addressed in that work. Interaction between the X 2 AЈ ground state and the very low-lying 1 2 AЉ excited state of SiOH is expected to strongly affect some of the ground state properties, particularly the spin-rotation tensor ⑀, so calculations of the structures and dipole moments for both states were performed, as were calculations of the energy difference T e ͑X 2 AЈ ← 1 2 AЉ͒ between the two states; an estimate of ⑀ aa has been derived for SiOH. Results at the RCCSD͑T͒ and MRCI+ Q levels of theory [30] [31] [32] [33] [34] have been computed with the MOLPRO suite of quantum chemical codes. 35 Correlation consistent basis sets [36] [37] [38] [39] were used: aug-cc-pVXZ sets for H and O, aug-cc-pV͑X+d͒Z sets for Si, where X indicates triple ͑T͒, quadruple ͑Q͒, or quintuple ͑5͒ zeta quality; "AVXZ" is used as shorthand for the X zeta quality sets.
Structures ͑see Fig. 3͒ have been computed at the RCCSD͑T͒/AV5Z level. The ground state structure is quite close to the RCCSD͑T͒/V5Z results reported by Koput ͑Table 1 in Ref. 15͒; slight differences arise from the inclusion of additional diffuse basis functions in the present calculations. The radicals are oriented in the figure to indicate the principle axes of rotation; the a axis is almost parallel to the SiO bond axes in both states. The bond angle of the 1 2 AЉ state is nearly 20°larger than that of the X 2 AЈ state. The energy difference T e between the two states, calculated at several levels of theory, is also summarized in Fig. 3 . Excited states of HSiO/SiOH were first reported by Bruna and Grein 9 two decades ago, yielding a value of T e ϳ 2984 cm −1 using CISD with a double zeta basis set. Better treatment of correlation and larger basis sets reduces this energy difference somewhat, with our best values falling around 2400 and 2460 cm −1 for MRCI+ Q and RCCSD͑T͒, respectively. The present calculations also confirm that the unpaired electron is localized almost entirely on Si in an orbital that is very similar to the 3p orbital of the isolated atom in both electronic states ͑see Fig. 3 Tables I and II, linear for the 1 2 AЉ state. The SiO and OH bonds are both polarized toward O, especially the former. As X-OH bonding becomes more ionic, the bond angle becomes more linear ͑NaOH is an example of a nearly pure ionic bond͒. Rotating the unpaired electron out of the plane of the nuclei increases the ionicity of the SiO bond and results in the larger change in bond angle.
The spin-rotation constant ⑀ aa of SiOH can be estimated very approximately from HSiO. The general expression for the spin-rotation tensor elements has been evaluated by Van Vleck,
where B ␣ is the rotational constant associated with the inertial axis ␣, ␤ L ␤ is the ␤ component of the spin-orbit interaction, and ͑E 0 − E n ͒ is the energy separation between the electronic states ͉0͘ and ͉n͘. 41 This expression simplifies if ␤ is treated as a constant and pulled out of the summation. A value for a ͑−113 cm −1 ͒ was obtained from the measured ⑀ aa value for ground state HSiO ͑X 2 AЈ͒, using ab initio energies and angular momentum matrix elements ͑L ␣ , L ␤ ͒ and the rotational constants of Izuha et al. 19 On the assumptions that a is similar for SiOH ͑an assumption to be treated with caution͒ and that the dominant contribution to ⑀ aa is from the 1 2 AЉ state, we estimate ⑀ aa to be about 120 GHz. Even allowing for considerable uncertainty in this prediction, the spin-rotation interaction for ground state SiOH appears to be large.
V. STRUCTURE OF SiOH
The geometrical structure of SiOH has been derived from the data here by the standard procedure in which the two bond lengths are least-squares adjusted to best reproduce the observed rotational constants ͑B eff ͒ for the normal and rare isotopic species, yielding an empirical ͑r 0 ͒ structure. Because the individual rotational constants B and C are not determinable from the present data, we have constrained the Si-O-H bond angle to 118.5°͑Ref. 15͒. The derived bond lengths are compared in Table VI with equilibrium r e structures calculated ab initio using configuration interaction and coupled cluster levels of theory.
Uncertainties in the empirical ͑r 0 ͒ structure are derived on the assumption that the largest source of error is zeropoint vibration. The magnitude of this error and how it is partitioned among the three moments of inertia are unknown, but it was estimated by assigning to each rotational constant an uncertainty which yields a 2 of 2, the most probable value for two degrees of freedom. 42 The same uncertainty in B eff was assumed for each isotopic species: 5 MHz. One advantage of the approach used here and elsewhere 43 is that since the present molecules possess large vibrationalrotational coupling constants ͑owing to the light mass of hydrogen͒ zero-point vibration is explicitly taken into account in a simple and systematic way.
The two bond lengths are in good agreement with those calculated theoretically. That derived for the SiO bond is within 0.005 Å of the two theoretical values; the difference for the OH bond is slightly larger, amounting to 0.015 Å at most. In all cases, the experimental bond lengths are slightly longer than those calculated. The bond length of diatomic SiO is 1.5097 Å, 44 about 10% shorter than that in SiOH, a clear indication that addition of a H atom to the O atom of SiO increases the heavy atom separation.
The Si-O bond in SiOH is probably best characterized as a single bond, since it is close to that found in either H 3 
VI. DISCUSSION
The present work provides conclusive spectroscopic evidence for the elusive SiOH radical, thereby resolving an apparent conflict between theory and experiment. SiOH is found to be fairly abundant under our experimental conditions; it is readily observed with several precursor gases, including water and molecular oxygen as the source of oxygen in the discharge. Its ground state spectroscopic constants are in good agreement with those predicted.
The hydrogen hyperfine coupling constants of SiOH differ considerably from those of HSiO, but are those expected for a -type radical such as HOC, 16 in which SiOH has a single Si-O bond in which the unpaired electron occupies an almost pure p orbital on the silicon atom. 11 The large hydrogen Fermi-contact constant of HSiO-like that of HCO -arises because it is a -type radical in which considerably spin density is transferred from the SiO to hydrogen. 17 To confirm this picture of the bonding for both SiOH and HSiO, it would be desirable to measure hyperfine structure from the 29 Si isotopic species of both radicals. Detection should be possible with our present instrumentation, guided by calculations of the hyperfine coupling constants. 16, 17 3 , implying that the vibrational structure of SiOH is well described by theory.
A number of further investigations to better determine the rotational spectrum, molecular structure, and chemical bonding of SiOH are suggested by the present work. It is highly desirable to measure the spectrum of this radical at higher frequencies to determine all of the microwave constants of this highly prolate, asymmetric top, and thereby refine our experimental determination of its structure. Initial attempts have failed to detect SiOH in the millimeter-wave band in absorption with our free-space absorption spectrometer and a 3 m long discharge cell, the instrument recently used to detect H 2 SiS, 27 but this failure is probably only temporary. Once these lines are found, it may then be possible to measure b-type transitions near 800 GHz. The dipole moment along the b-axis ͑see Fig. 3͒ is calculated to be in excess of 1 D; such measurements will allow a more precise determination of the A rotational constant and the Si-O-H bending angle.
